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Endogenous glucose production in fasting seals must rely upon endogenous body stores for gluconeogenic substrates. In weanlings, estimates of protein oxidation based on urea flux measurements and changes in body composition across 8 wk of fasting suggest that protein contributes little to gluconeogenesis (25, 40) . Lactating females show a similar trend early in lactation, but after several weeks of simultaneously fasting and lactating, they appear to increase protein catabolism just prior to departing to sea for the postbreeding migration (12) . At this time, nutrient reserves are severely depleted, and the females must return to sea to feed. Amino acids may, therefore, play an increasing role as a gluconeogenic substrate as nutrient stores become severely diminished. Glycerol, an end product of fat metabolism, contributes relatively little to gluconeogenesis in adult females that simultaneously fast while lactating or molting. The contribution of glycerol to gluconeogenesis is less than 3%, even though rates of lipolysis are high (24) .
Collectively, observations and inferences on substrate contributions to EGP have led to the hypothesis that EGP in fasting elephant seals is largely due to Cori cycle activity (7) . However, relatively little effort has been made to determine the fate of glucose released into circulation by gluconeogenic tissue. Prior research has suggested that elephant seals are insulin insensitive while fasting, potentially limiting the peripheral uptake and oxidation of glucose (18, 29) . Changes in body composition and water flux across the fast suggest a metabolism dominated by fat catabolism (13, 25, 34, 35) , which is consistent with the general fasting response and supports the proposition of limited glucose oxidation. Attempts to directly measure glucose oxidation reported that less than 3% of produced glucose is oxidized (28) ; however, this singular study of glucose oxidation in elephant seals suffers from several methodological issues and assumptions that bring the estimate into question (e.g., choice of radiolabel). Further, given high plasma glucose and high rates of glucose turnover, it is unknown what role glycogen cycling might play in maintaining glucose production across the fast (21) . Thus, even though indirect evidence suggests that glucose oxidation in fasting elephant seals is low, it is unclear as to how endogenously produced glucose is disposed of, either through oxidative or nonoxidative pathways (e.g., glucose storage).
We hypothesized that glucose oxidation is minimal (Ͻ4% of metabolic rate) and declines across the fast in fasting weanling elephant seals. We further hypothesized that glycogen synthesis by the direct pathway and total nonoxidative glucose disposal increase with fasting duration. To this end, we used a combination of isotopic methods and indirect calorimetry to calculate oxidative and nonoxidative glucose disposal in northern elephant seal weanlings fasted for periods of 14 and 49 days. The results of the study quantify the intracellular metabolic partition of intravenously infused glucose with respect to glucose disposal via whole body glycolysis, glucose oxidation, and glycogen synthesis under protracted yet natural fasting conditions.
MATERIALS AND METHODS
Subjects and study design. All animal handling procedures were approved by the Sonoma State University Institutional Animal Care and Utilization Committee and carried out under National Marine Fisheries Service marine mammal research permit no. 14636. Weaned elephant seals were captured from Año Nuevo State Reserve, San Mateo, CA, during the postweaning developmental fast. Daily censuses were carried out to evaluate specific weaning dates, and animals were marked with flipper tags (Jumbo Rototag; Dalton, England) upon weaning for identification. Upon capture, the seals were transported to Sonoma State University, Rohnert Park, CA, and were returned to Año Nuevo State Reserve immediately after the experiments. Following the completion of all experimental measurements and prior to release back at the rookery, the mass of each pup was determined by placing the pup in a restraint bag and suspending it from a digital scale (capacity 1,000 Ϯ 1 kg; Dyna-Link MSI-7200, Measurement Systems International, Seattle, Washington). Eight weaned pups (3 males and 5 females) were captured 14 days postweaning, and a separate group of nine pups (3 males and 6 females) was captured 49 days postweaning.
Respirometry. Each subject was placed in a sealed respirometry chamber (182 cm length ϫ 92 cm diameter) with the air volume reduced by the addition of sealed polycarbonate containers. The effective air volume after volume reduction was ϳ95 liters. The seal was allowed to acclimate to the chamber for 1 h prior to measurements, and all measurements were initiated between 1000 and 1200 (Pacific Standard Time) to avoid potential issues with circadian variations in metabolism. Air temperature in the chamber was measured using a thermocouple (PTC Instruments, Los Angeles, CA) and averaged 20.0 Ϯ 3.1°C. Oxygen consumption (V O2) and CO2 production (V CO2) were measured using a push-through, open-circuit respirometry system (Qubit Systems, Kingston, ON, Canada). The chamber was checked for leaks using nitrogen dilution (15) . The O2 and CO2 sensors were two-point calibrated by comparing to reference gases and pure nitrogen prior to each measurement, and the system was corrected for sensor drift by comparing to a known concentration reference gas every 30 min. Flow rates through the chamber were measured and controlled by a mass flow controller and were ϳ60 l/min. Gas from the exhaust port was sampled, dried with magnesium perchlorate prior to CO 2 measurement, and scrubbed of CO2 prior to O2 measurement with Ascarite II (Thomas Scientific, Swedesboro, NJ). The CO2 and O2 concentrations and flow rate were measured every second. The V O2 was calculated using Eq. 3b from Withers (47) . Measurements were taken for 132 Ϯ 30 min postacclimation, and the respiratory exchange rate (RER) was calculated as the ratio of CO 2 produced to O2 consumed over the entire measurement period. We assumed that the RER was representative of the systemic respiratory quotient (RQ) across the duration of the measurement, and thus RQ ϭ RER.
Glucose flux and glycolysis. After respirometry measurements, subjects were chemically immobilized with tiletamine/zolazepam (Telazol; 1 mg/kg im). Vascular access to the extradural vein was obtained via an 18-gauge spinal needle set within the intravertebral space. Blood collection and administration of chemical-immmobilizing agents were made via the spinal needle. Immobilization was maintained throughout the flux measurement using 100-mg intravenous, bolus injections of ketamine HCl, when necessary. Previous investigations have shown that these immobilizing agents do not affect carbohydrate metabolism in elephant seals (6) . A 14-gauge catheter needle was inserted ϳ20 cm anterior of the insertion of the spinal needle, and a 20-cm catheter threaded anteriorly. The catheter was checked for patency, back-filled with saline, and connected to a Pegasus VARIO micropiston infusion pump (Instech Solomon, Plymouth Meeting, PA). Immediately after connection to the infusion pump, a primed constant infusion of [3- 3 H] glucose (50 Ci priming dose, 1.0 Ci/ min) was started. Blood samples were taken every 10 min for the first hour and every 15 min for two additional hours, which was sufficient time to establish equilibrium enrichment. Blood samples were collected into chilled Na-heparin and serum tubes and placed immediately on ice. Upon completion of the measurement, blood samples were centrifuged for 20 min at 2000 rpm and 4°C. Serum and plasma were collected and stored at Ϫ80°C until analyzed. Plasma samples were thawed, passed through anion and cation exchange chromatography columns, and lyophilized. Lyophilized samples were then reconstituted, and the specific activity of the radiolabeled glucose was determined through use of a YSI 2300 glucose autoanalyzer (Yellow Springs Instruments, Yellow Springs, OH) and the application of standard scintillation techniques. This process is described in detail elsewhere (7, 8, 24) . Assuming steady-state conditions over the measurement period, the rate of appearance (Ra) of glucose was then determined as R i/SAGlu, where Ri is the rate of infused radiolabel in disintegrations per minute (dpm) and SA Glu is the specific activity of glucose at isotopic equilibrium. Steady-state conditions were validated from glucose measurements over the time series. Thus, Ra for glucose is equivalent to the rate of disappearance (R d) of glucose, and we use the two terms interchangeably depending on the context of the discussion. The plateau enrichment of glucose was determined from the application of monoexponential curve fit procedures to the SAGlu vs. time series.
Whole body glycolysis was calculated as the rate in increase in tritium activity of body water (dpm·ml
), estimated from linear regression analysis of the samples collected during the last hour of the infusion period, multiplied by the total body water (TBW), and divided by the specific activity of H]glucose (43) . Release of tritium from fructose 6-phosphate cycling and pentose phosphate cycling can contribute to apparent glucose turnover, but contributions from these processes have been shown to be negligible in humans (23, 43) .
Urinary nitrogen output. Urine was collected over a 22 Ϯ 2-h interval using a urine collection tray with a thin layer of mineral oil to prevent evaporation of urine. At the end of the collection period, the mineral oil was removed, and the urine volume was assessed. A subsample of each urine collection was analyzed for total nitrogen content using a Kjeldahl analysis. The rate of urinary nitrogen output was calculated as (nitrogen content ϫ urine volume)/time interval.
Substrate oxidation and total body water. Substrate oxidation was calculated using rates of O2 consumption, CO2 production, and nitrogen output using the method of Frayn (19) . A minor correction in V O 2 and V CO2 for ketone oxidation was made on the basis of summed acetoacetate and ␤-hydroxybutyrate levels and assuming typical metabolic clearance rates (17, 19) .
The morning following the glucose infusion, a blood sample was obtained from the catheter and 0.5 mCi of 3 H2O was injected intravenously. The isotope was allowed to equilibrate for 2 h, and a postequilibration blood sample was taken. These samples and the serum samples from the last hour of the glucose infusion were distilled using freeze-distillation (35) , and 300 l of pure water was counted using a Beckmann 6500 liquid scintillation counter in 7 ml of betaphase scintillation cocktail to assess the 3 H2O activity of each of the samples. The activity of the injected 3 H2O was assessed by counting a subsample of the injection solution and correcting for the gravimetric measurement of the injection volume. The TBW pool was calculated as the ratio of 3 H2O injected (dpm) to the steady-state activity of 3 H2O in the body water of the postequilibration sample (dpm/ml). Prior to this calculation, the steady-state 3 H2O activity was corrected by subtracting the 3 H2O activity of the presample taken prior to water isotope injection. Fat mass was determined from the TBW using the following equation: MF ϭ MT Ϫ 1.37 TBW, where MF is the fat mass of the seal and MT is the total body mass (26) .
Metabolites and hormones. Blood samples were collected into chilled serum or Na-heparin Vacutainers after initial venipuncture. A small amount of 1% protease inhibitor cocktail was added to the samples upon collection. Samples for acetoacetate measurement were immediately centrifuged for 10 min at 2,000 rpm and 4°C. Serum was then drawn from the samples and frozen at Ϫ80°C until analysis. Other samples were placed on ice until centrifuging (as above) and then stored at Ϫ80°C. Plasma samples were analyzed for the hormones insulin and glucagon, as well as the metabolites glucose, blood urea nitrogen (BUN), lactate, ␤-hydroxybutyrate (BHB), and acetoacetate (AcAc). Serum samples were analyzed for cortisol. Insulin was assayed with a sensitive rat insulin RIA kit (SRI-13K; Linco Research, St. Charles, MO), glucagon was assayed with a glucagon RIA kit (GL-32K; Linco Research), and cortisol levels were measured with a cortisol RIA kit (TKCO2; Siemens Healthcare Diagnostics, Tarrytown, NY). All of these kits have been validated previously for this species (7, 38) . The mean intra-assay coefficient of variation was 2.9%, 1.8%, and 1.9% for insulin, glucagon, and cortisol, respectively. The lower limit of detection of each of the kits was 3.4 pM/l, 5.7 pM/l, and 5.5 nM/l for insulin, glucagon, and cortisol, respectively. Plasma Table 1 Animal subjects are identified as GOW1-GOW17 (Glucose Oxidation-Weanlings). V O2, oxygen consumption; V CO2, carbon dioxide production; RQ, respiratory quotient; MR, metabolic rate. The proportion of the MR due to glucose, lipid, and protein oxidation is also provided. *Values for the early and late fasting periods were significantly different from one another. glucose was measured in duplicate using an YSI 2300 glucose autoanalyzer. BUN was measured in duplicate using a colorimetric assay (Stanbio Laboratory, Boerne, TX), and BHB and lactate were measured in duplicate using a colorimetric assay (Cayman Chemical, Ann Arbor, MI). Acetoacetate was measured in duplicate with a GM-7 Micro-Stat autoanalyzer (Analox Instruments, Lunenberg, MA).
Statistical analyses. Variances of the early and late fasting groups were tested for equality with an F-test. On the basis of the result of the F-test, a subsequent comparison of the data was performed with a two-tailed t-test assuming either equal or unequal variances. When variables exhibited significant relationships to body mass, comparisons were made using ANCOVA with body mass as a covariate (39) . All tests were run with ␣ ϭ 0.05. Relationships between metabolites, EGP, and substrate oxidation were determined through linear regression. Statistics were performed in either Excel (Microsoft, Redmond, WA) or in the statistical package R (version 2.11.1, R Development Core Team, www.R-project.org).
RESULTS
Seals that had fasted for 14 days (early fasting group) had a mean mass of 119 Ϯ 18 kg, whereas those that had fasted for 49 days (late fasting group) had a mean mass of 81 Ϯ 20 kg (Table 1 ). The mean proportion of mass due to fat was 0.47 Ϯ 0.04 and 0.45 Ϯ 0.02, respectively. Both the TBW (Table 1) and the metabolic rate (MR) ( Table 2) were significantly lower in subjects that had fasted for 49 days (t ϭ 4.6, P Ͻ 0.001 and t ϭ 6.4, P Ͻ 0.001, respectively). Metabolic rate decreased with fasting duration, even when accounting for decreasing body size (F 1,13 ϭ 17.5, P Ͻ 0.01), although there was a significant interaction between mass and fasting state in the model. The mean RQ for the early and late fasting periods was 0.73, suggesting a predominantly fat-based metabolism. Although the bicarbonate pool was not measured in the seals, the stability of the RQ measurements across individuals, the lack of any sign of hypoventilation or hyperventilation due to handling, and resulting values indicative of a predominantly fat-based metabolism previously described for fasting members of this species suggested that the RER adequately represented the RQ across the duration of the experiment (4, 25, 28, 34, 35, 40) .
A plateau in glucose-specific activity was reached in all subjects within 120 min of the start of the H]glucose infusion (example of glucose enrichment over time is shown in Fig. 1 ). The absolute rate of glucose disposal (GluR d ) was significantly lower in the late fasting group (t ϭ 3.9, P ϭ 0.001; Table 3 ) with early and late fasting weanlings disposing of 1.41 Ϯ 0.27 and 0.95 Ϯ 0.21 mmol/min, respectively. However, when controlled for mass using ANCOVA, there was no change in GluR d between early and late fasting groups (F 1,14 ϭ 1.2, P ϭ 0.16). Essentially, all glucose passed through glycolysis regardless of the time spent fasting, i.e., GluR d and glycolysis were nearly equal ( Table 3 ). The percentage of the MR that was met through glucose oxidation was less than 10% N, nitrogen output; Rd, rate of disappearance. Also shown are the calculated rates of nonoxidative glucose disposal (NOGD) and glycogen synthesis. *Values for the early and late fasting periods were significantly different from one another. in both groups but was significantly lower in the late fasting group (Table 2 ; t ϭ Ϫ2.4, P ϭ 0.03). Assuming 2,870 kJ of energy is produced through the complete oxidation of 1 mol of glucose, the percentage of glucose produced that was oxidized to meet the metabolic demand was 24.1 Ϯ 4.4% and 16.7 Ϯ 5.9% between the early and late fasting groups, respectively. There was a significant relationship between GluR d and metabolic rate (P Ͻ 0.001, r 2 ϭ 0.69; Fig. 2A ) and a strong coupling between GluR d and the rate of glucose oxidation (P Ͻ 0.001, r 2 ϭ0.82; Fig. 2B ). Glycogen synthesis was low and essentially negligible relative to the rate of nonoxidative glucose disposal (NOGD) ( Table 3) . Circulating glucose concentrations were moderately high (Ͼ8 mM), yet similar between early and late fasting samples (t ϭ 0.3, P ϭ 0.78), whereas lactate significantly decreased from 2.5 Ϯ 0.4 to 1.8 Ϯ 0.6 mM between the early and late fasting groups (t ϭ 2.6, P ϭ 0.02; Table 4 ). There was a significant relationship between plasma glucose and GluR d (P ϭ 0.01, r 2 ϭ 0.67), but only during the early fasting period. Conversely, no relationship between GluR d and lactate existed during the early fasting period, but a positive relationship did exist during the late fasting period (P ϭ 0.0495, r 2 ϭ 0.45). Ketone bodies were significantly elevated in the late fasting group, predominantly due to a more than two-fold increase in BHB (BHB: t ϭ Ϫ7.6, P Ͻ 0.001; AcAc: t ϭ Ϫ7.0, P Ͻ 0.001; Table 4 ). BHB:AcAc ratios increased significantly in the late fasting group (5.8 late vs. 3.7 early, t ϭ 5.7, P Ͻ 0.0001). In contrast, the daily output of urinary nitrogen (Table 3) was significantly lower in the late fasting group (t ϭ 2.8, P ϭ 0.02), although the contribution of protein catabolism to the MR was Ͻ3% for both groups (Table 2) .
Insulin was significantly lower in the late fasting group (t ϭ 2.4, P ϭ 0.03), and glucagon showed a similar trend (t ϭ 2.1, P ϭ 0.07); four glucagon values measured late in the fast were below the detection limit of the glucagon RIA, and the detection limits were used as values in the statistical analysis. Cortisol remained unchanged between the groups (Table 4) . Neither glucagon nor cortisol showed a relationship to GluR d , even after controlling for the fasting duration; however, there was a significant positive relationship between insulin and GluR d (P ϭ 0.005, r 2 ϭ 0.70; Fig. 3A ) and between insulin and glucose oxidation (P ϭ 0.04, r 2 ϭ 0.48) after 49 days of fasting. Combining both fasting periods, there was also a strong positive relationship between glucagon and lactate levels (P Ͻ 0.001, r 2 ϭ 0.65; Fig. 3B ). There was a negative trend between glucagon and acetoacetate (P ϭ 0.06, r 2 ϭ 0.42) but only during the late fasting period. Lactate and acetoacetate were negatively correlated with one another (r ϭ Ϫ0.71).
DISCUSSION
Glucose disposal. Nonoxidative glucose disposal, determined as the difference between glucose oxidation measured from indirect calorimetry and GluR d, reflects the net accumulation of glycogen, net lipogenesis, and the production of the gluconeogenic substrates lactate, pyruvate, and alanine. In fasting weanlings, the RQs obtained after weeks of fasting indicate a metabolism heavily supported by lipid oxidation with no evidence for active lipogenesis, i.e., the RQ never exceeded 1.0. Essentially all endogenously produced glucose entered glycolysis in the northern elephant seal weanlings, regardless of the fasting duration, and little to no glycogen was synthesized via the direct pathway (glucose ¡ glucose 1-phosphate ¡ glycogen). Thus, nearly all NOGD was likely due to nonoxidative glycolysis and the production of gluconeogenic substrates, the most likely substrates being lactate and pyruvate (9) .
Between 16 and 24% of GluR d was due to oxidation with the remainder being due to disposal via nonoxidative pathways. Oxidation declined with time fasting and is most likely related to a progressive reduction in the metabolic rate across the same period. Glucose oxidation was tightly coupled to GluR d but contributed less than 10% to the energetic requirements of the seals regardless of the time spent fasting. The measured contribution of glucose oxidation to the metabolic rate is higher than the Ͻ1% contribution previously estimated (28) . Methodological differences between these studies most likely explain the discrepancy. Keith and Ortiz (28) rent findings indicate that although all oxidized glucose was endogenously produced via gluconeogenesis, protein stores were effectively spared, and the majority of the metabolic demand was met through fat oxidation. Prior studies estimated that gluconeogenesis based on glycerol, an end product of fat catabolism, can contribute up to 490 mM of glucose to the glucose pool each day (8) . This is equivalent to the average daily oxidation of glucose early in the fast (491 mM/day) and more than double of that late in the fast (238 mM). Therefore, it is likely that glycerol gluconeogenesis is sufficient to meet glucose oxidation across the fast. Prior studies have suggested that high rates of EGP reflect an elevated Cori cycle activity, a phenomenon that may be partially accounted for by the elevated volume of red blood cells in phocid species (7, 14, 28) . The proposition of Cori cycle activity accounting for the majority of NOGD is supported by the findings of negligible lipogenesis and glycogenesis in this study. However, high rates of Cori cycle activity may not be a result of red blood cell glucose metabolism per se, but might be secondary to adaptations that support high rates of fatty acid oxidation, while preventing ketosis. Prolonged, high rates of ␤-oxidation favor ketone formation. Despite supporting 90% or more of the metabolic demand across a 49-day fast through lipid oxidation, the accumulation of ketones in fasting elephant seal weanlings is marginal. The maximum level of circulating ketones observed in this study (ϳ1.5 mM) is nearly 10-fold less than the highest levels of 10 -12 mM observed in humans that fasted for 15 h to more than 3 wk (16) . Given the lack of ketosis, it seems reasonable that the tricarboxylic acid (TCA) cycle effectively accommodates the abundant acetyl-CoA provided through fatty acid ␤-oxidation. How this is accomplished is uncertain. The conditions that favor ketone formation are due, in part, to suppression of the citrate synthase reaction resulting from the cell's high energy state (e.g., high ATP, NADH, and acetyl-CoA) or through product inhibition of other TCA cycle intermediates. An investigation of TCA cycle intermediate flux rates using NMR spectroscopy suggests that, relative to other fasting mammals, pyruvate cycling and the flux of carbon through PEPCK are elevated in fasting, weanling elephant seals (9) . Thus, it might be that modification to the anaplerosis of TCA cycle intermediates (e.g., upregulated purine dinucleotide cycle) facilitates greater TCA cycle flux and the oxidation of acetyl-CoA without significant ketone accumulation (Fig. 4) .
Hormonal regulation of glucose metabolism. Endogenous glucose production is suppressed by insulin either through direct action on hepatocytes or indirectly by inhibiting lipolysis and reducing circulating free fatty acid (FFA) levels (41, 42, 44) . In humans, short-duration fasts (Յ96 h) reduce insulin sensitivity and glucose oxidation but produce no change in NOGD (17, 31) . By contrast, elephant seal weanlings have an impaired pancreatic islet response to glucose but maintain a limited degree of peripheral tissue sensitivity to insulin (29, 45) . Insulin's impact on glucose disposal was observed in this study as a significant relationship between insulin and GluR d , but only after 8 wk of fasting. That this relationship only appears late in the fast is not surprising, as glucose kinetics and the hormonal regulation of glucose are affected by age, sex, and reproductive status in this species (7, 18, 29, 36) . Nevertheless, it is the suppression of insulin release that may be critical to facilitating lipolysis and FFA oxidation in the elephant seal, which, in turn, contributes to elevated glucose production and circulating levels. Indeed, under induced glucose concentrations similar to that observed in the elephant seals of this study, humans experience an increase in insulin levels from 120 to 150 pmol/l, 10 times that observed in weanling elephant seals across the fast. This results in a concomitant suppression in lipolysis and the rate of appearance of fatty acids (FAR a ) into the blood (49) . The suppression of lipolysis and FAR a is not dependent upon the glucose level, but it is dependent upon the level of insulin (48) ; different rates of insulin infusion during euglycemia demonstrate a dose-dependent relationship between insulin and FAR a (27) , and maintenance of euinsulemia under differing glucose loads demonstrates that glucose levels alone have little BHB, beta-hydroxybutyrate; AcAc, acetoacetate. *Values for the early and late fasting periods were significantly different from one another. **Values were below the detection limit of the radioimmunoassay. For statistical analyses, the values were set to the lower detection limit. effect on lipolysis (5, 32) . In the fasting elephant seal weanling, initially, low insulin levels (mean ϭ 13.4 pM) decrease by 30% between the 6th and 8th wk of fasting, while free fatty acids more than double to Ͼ2 mM (this study and Refs. 37 and 45).
The relationships between glucagon and lactate and between insulin, GluR d , and glucose oxidation late in the fast are consistent with the typical glucoregulatory action of these hormones. As insulin increases, GluR d and glucose oxidation increase, which is most easily explained by insulin facilitating tissue uptake and utilization of glucose or exerting influence over mitochondrial function and oxidation of specific TCA cycle intermediates (2, 10, 11, 22) . Elevations in glucagon are correlated with increased lactate level, which could be related to glucagon's impact on gluconeogenesis. In both instances, the circulating levels of the hormones are low and seem to have a muted impact on the net balance of glucose production and utilization. Prior research demonstrated that the response of the weanling elephant seal to a glucose tolerance test late in the fast (6 -8 wk fasting) was a 40% increase in the level of circulating insulin shortly after a glucose injection that doubled the circulating concentration of glucose (45) . Insulin remained elevated for over 2 h following the injection, and glucose cleared at a rate of ϳ2.8 mol·dl Ϫ1 ·min Ϫ1 . The same test given early in the fast (2-3 wk fasting) produced an 80% increase in glucose and a 100% increase in insulin. Insulin levels returned to baseline within 150 min, and glucose cleared more rapidly at a rate of ϳ4.4 mol·dl Ϫ1 ·min
Ϫ1
. The pattern of glucose clearance and insulin production and clearance suggested an increased impairment in insulin release with time fasting (45) . Yet, it is after 7 wk of fasting that the relationships between glucagon, insulin, and their substrates were observed in this study, suggesting that sensitivity to the action of these glucoregulatory hormones might be preserved despite reductions in circulating levels.
Research in other fasting models has demonstrated fastingrelated modifications to signaling pathways and receptor sensitivities of both glucagon and insulin (1, 30) . In elephant seals, the progression of the postweaning fast is associated with an increase in Glut4 receptor density within adipose cells, but a decrease in the insulin-signaling pathway components (phosphorylated insulin receptor, insulin receptor substrate-1, Akt2, and cellular phosphatidylinositol 3-kinase) (46) . The observed relationship between insulin and GluR d is unlikely to be driven by adipose demands for glucose, which is reasonable given the relatively low metabolic activity of this tissue and the need to mobilize fat for energy (i.e., insulin is not required to facilitate glucose uptake for lipogenesis during fasting). Unfortunately, little to nothing is known about changes in the insulin-signaling pathways associated with other tissues across the fast, which makes it impossible to determine how changing insulin sensitivities of muscle beds or organs contribute to the overall oxidation of glucose in the seal.
Perspectives and Significance
Glucose oxidation in fasting weanling elephant seals is tightly coupled to the rate of glucose disposal and the absolute metabolic rate of the seal. Nearly all of the endogenously produced glucose in fasting elephant seal weanlings enters glycolysis, although the amount of glucose oxidized to meet metabolic requirements is less than 10% of the metabolic rate across the duration of the protracted fast. Negligible amounts of NOGD were committed to either glycogenesis or lipogenesis, suggesting that Cori cycle activity accounts for most of the NOGD. It is hypothesized that high rates of GluR d are ancillary to high flux rates of the TCA cycle and supporting anaplerotic reactions that contribute to the ability of the elephant seal to maintain high rates of fatty acid oxidation without the onset of ketosis. Marine predators that have evolved on high-fat and high-protein content diets but with negligible carbohydrate content are likely preadapted to fasting conditions through nutrient partitioning, i.e., fat catabolism predominantly supports metabolic demands even while feeding. Under these dietary pressures, carbohydrate pathways might have been evolutionarily modified in response to the need to accommodate high rates of fatty acid ␤-oxidation.
